Abstract-A high quality factor, superconducting resonator coil is developed in cooperation with the Dutch companies SMIT Transformers and SMIT DRAAD. The coil system is manufactured in industry, using industrial tooling. It has a design reactive power rating of 1 MVA at a frequency of 50 Hz and the operating temperature is 64 K. The system consists of four concentric but separate coils, made of 2km of Bi-2223 conductors from two different manufacturers. The coils are optimized by shaping the magnetic field around the coil edges with ferro-magnetic C-cups to reach a design electrical quality factor of 1000. The system is operated in a glass-epoxy cryostat at 64 K and 77 K. The resonator coil design demonstrates all the superconducting elements that are essential for manufacturing superconducting transformers. A numerical model has been developed to predict the DC and AC behavior of the system based on measurements of short samples and test coils. A comparison is made between the experiment and model calculations. 
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DESIGN OF THE SYSTEM
A. Design considerations A high-Tc resonator coil operating in liquid nitrogen is chosen as a research subject. The final goal is to produce a coil system that has a reactive power rating of 1 MVA at 64 K and 50 Hz and an electric quality factor (which is the inductive power divided by the loss or L d R ) of 1000. A higher quality factor enables the application of a smaller power supply. Considering the present performance of BSCCO-2223 conductors that are available in long lengths, an operating current of 100 A,, at 64 K is selected.
This leads to a reactive voltage of 10 kVm and an inductance of T systems. A demonstration project has been initiated in the Netherlands to study the behavior of the conductors from a bare high-T, wire to its application in a prototype power device.
The program focuses on the development of a resonant circuit for high voltage generation aiming at a 1 MVA resonator coil, to be used in a circuit as depicted schematically in Fig. 1 system that consists of four long, large diameter and thin concentric solenoids. The segmentation of the system into subcoils has reduced the manufacturing associated risks and enables a variety of electric configurations. An optional fifth coil can be included. The layout of the system is shown in Fig. 2 . The coil edges are surrounded by laminated ferro-magnetic C-cups (in total -50 kg). The purpose of the C-cups is to reduce the radial component of the magnetic field to which an HTS superconducting tape is sensitive [3], [4] . As a result, the conductor losses are reduced 2 to 4 times and a uniform thermal operational state of the coil is achieved. Approximately 20 to 30 % less tape is required due to the additional rise in critical current. The coil is placed in a glass fiber-epoxy cryostat developed by DeMaCo Holland B.V., The Netherlands. The eddy current losses in a stainless steel cryostat would prevent reaching a high quality factor of the system. The pressure inside the cryostat can be lowered to reach a bath temperature of 64 K. The cryostat has a warm bore of 190 mm, which enables the mounting of an iron core in an optional transformer mode. A number of high voltage feed-throughs make each sub-coil separately connectable from outside the cryostat. The coil system, mounted inside the glass fiber-epoxy cryostat is shown in Fig. 3 . 
B. Coil layout
The four solenoids are numbered from the outermost (#1) to the innermost (#4). The dimensions of the coils are given in TableI. All solenoids are wound on glass fiber-epoxy coil formers of 5 mm wall thickness.
Care is taken that the direction of the fibers is either parallel or tangential to the coil axis. In this case the thermal contraction of the coil formers and of the BSCCO layer matches exactly. Any other direction would lead to a relatively larger contraction of the coil former that can lead to an irreversible reduction of the critical current at each cool down cycle [5] (although in the reference the model is developed for BSCCO-2212 conductors, it also holds for BSCCO-2223 conductors). Each sub-coil is equipped with a set of thermometers to monitor the temperature of the windings along the coil height.
Tapes from two vendors are used for the solenoids. Coil #1 is wound from tape delivered by Vacuumschmeltze GMBH, Germany. Two insulated tapes are wound in parallel, since a single tape is not able to carry the full current alone. Coils #2 -4, which are operating in successively higher magnetic fields, are wound from a single tape delivered by American Superconductor Corp., USA. The tape is reinforced with stainless steel strips, which are soldered to the tape on both sides. The specifications of the tapes are given in Table II . The typical unit length of the tapes is 200 m. Therefore resistive overlap joints are made between the layers of each coil.
The winding technique for the coils is developed on preproduction models at the University of Twente in cooperation with SMIT Transformers B .V., The Netherlands. The technology is adopted at the factory where company personnel, using industrial tooling, manufactured all full-size sub-coils. 
INSULATION OF THE TAPES
A high-voltage insulation method for the fragile react-and-wind BSCCO-2223 tape was developed at the University of Twente in cooperation with SMIT DFUAD B.V., The Netherlands. The insulation technique is transferred to the factory and a total of more than 2 k m of tape is successfully insulated without any reduction of the critical current [6]. This new insulation method is applicable for other types of HTS conductors. An overview of the insulation specifications for the coil conductors is given in Table III .
I v . NUMERICAL ANALYSIS
In parallel to the experiment, a numerical model has been developed and used to verify various aspects of the coil design. The model enables calculation of the direct V-I transitions and the losses at various frequencies. As an input, the model uses the magnetic field-and temperature dependent direct V-I curves of a representative short sample. The model is verified and works well for various coil configurations.
The application of the model to sub-coil # 1 is described in [7] . The calculated-and measured critical current values of this coil coincide for all configurations within the accuracy of the simulations. The result confirms that no reduction of the critical current occurred through the whole process starting with a bare tape to successive operating cycles of the coil. Coil critical current data are measured at 77 K in three of the four arrangements and the measured critical current data, together with a comparison to the short sample data, is given in Each coil stand alone without C-cups, Each coil stand alone with C-cups, The complete system without C-cups, The complete system with C-cups. Table IV .
The gain in the critical current due to application of the C-cups can clearly be seen in Fig. 4 and Table IV. In the stand-alone mode of the coils, the gain is approximately 20-30 %, as compared to the air-core configuration. The critical currents of coils # 3 and # 4 even surpass the short sample values measured in self-field.
The sensitivity of existing BSCCO-2223 tapes to fields perpendicular to the wide side of the tape is much larger than for fields parallel to the wide side [8] . In between adjacent tums of the central region of the coil the radial field components partly cancel out and they gradually increase towards the coil edges. This means that the critical current in an air-core coil is limited locally by the radial field acting in the last windings near the coil edges. This has been c o n f i i e d by earlier AC measurements, where the temperature rise at the edges was approximately 20 times larger than in the central part of the coil [4] and also by the simulations [7] .
The radial field, acting on e.g. sub-coil # 1, is plotted in Fig. 5 for half the coil. The shown radial field distribution as function of 
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the tape length is calculated with the numerical model. It is clear that application of the C-cups dramatically reduces the radial field components; especially in the last few tums near the coil edge. As a consequence, the limitation due to the coil edge disappears and the voltage builds up along the conductor length more uniformly. The effect in the total system is qualitatively the same, apart from the larger field amplitudes.
The reduction ol the radial field at the coil edges, combined with the field canceling effect of adjacent tums, results in an average radial field that is even smaller than in the short sample, self-field mode. Hence the higher value for the critical current is obtained in the coil as compared to the short sample value. The critical current in the total system is limited by sub-coil #I (see Table IV ).
VI. DISCUSSION ON POWER RATING AND QUALlTY FACTOR
The next step in the development program is to analyze the completed system in detail, in particular the AC mode operation, combined with the step down to a lower temperature.
AC measurements at 77 K using the resonant circuit are being performed at this moment and the results will be published elsewhere. With all four sub-coils electrically connected in series the total inductance of the coil is measured to be 0.28Henry, which is close to the design value. Due to the mutual coupling the inductance of the system rises -16 times compared to the case without C-cups.
Based on the data that is obtained from calculations [7] and measurements (Table IV) , an estimation of the expected power rating and losses can be made. From calculations on the standalone coils with C-cores, carrying a sinusoidal transport current of 55 ARMS at a frequency of 50 Hz, the conductor losses at 77 K are estimated. This (example) current amplitude is chosen, because it can be reached in the separate coils as well as in the total system. The calculated losses amount to 33 W for sub-coil # 1 and an average of 16 W per sub-coil for coils # 2 to # 4. In the total system at the same conditions, the magnetic field will be -4 times higher (see Fig. 5 ) and conductor losses of -270 W are expected for the coil. The corresponding inductive power that can be reached is 275 kVA. Therefore an electric quality factor -1000 is expected (in a non-magnetic environment).
When additionally the bath temperature for the total system with C-cups is reduced to 64K, both the allowable operating current and the magnetic field in the windings will increase about 2 times. The inductive power could reach 1 MVA and conductor losses in the order of 1 kW are expected. A resonant circuit as depicted in Fig. 1 can be used for testing power cables and capacitors. The operating frequency of the power supply is adjustable, as it must be tuned to the resonant frequency of an LC-circuit. When a copper coil is used as an inductor, the electric quality factor is about 20 and the power supply must deliver approximately 50 kW. At this rating the costs of a power supply are remarkable. The power supply has to deliver only a few kW, when a high-T, coil replaces the copper coil. Therefore the saving provided by a smaller power supply potentially covers the extra investment in the inductor.
The room temperature bore enables the option to rebuild the system as a superconducting transformer with an iron core.
Optionally combined with a fifth coil (e.g. designed for low voltage, high current), a transformer with a very high quality factor is possible.
VII. CONCLUSIONS
The development of the 1 MVA high-T, resonator coil has entered the final stage. All the components necessary for the construction of the coil were successfully built and tested in DC mode. Insulation and winding techniques leading to high-quality superconducting products are implemented in the industry and proven to work with industrial tooling and for multiple applications. The iron C-cups around the edges increase the critical current of a coil by 20-30 %.Further, the conductor losses are reduced 2-4 times and a uniform thermal state of the coil is achieved.
